We report the detection of a transiting Earth-size planet around Gl 357, a nearby M2.5 V star, using data from the Transiting Exoplanet Survey Satellite (TESS). Gl 357 b (TOI-562.01) is a transiting hot Earth-sized planet (T eq = 531 ± 12 K) with a radius of R b = 1.17 ± 0.06 R ⊕ and an orbital period of P b = 3.93 d. Precise stellar radial velocities from CARMENES as well as archival data from HIRES, UVES, and HARPS, also display a 3.93-day periodicity, confirming the existence of the planet and leading to planetary mass of M b = 1.63 ± 0.30 M ⊕ . In addition to the radial velocity signal for Gl 357 b, a second periodicity with P c = 9.12 d indicates the presence of a second, non-transiting planet candidate in the system, Gl 357 c, with a minimum mass of M c = 3.59 ± 0.50 M ⊕ . The star is relatively inactive and exhibits a photometric rotation period of P rot = 78 ± 2 d. Gl 357 b is the second closest transiting planet to the Sun; its brightness makes it a prime target for further investigations, such as atmospheric spectroscopy and is, to date, the best terrestrial transiting planet suitable for atmospheric characterisation with the upcoming JWST and the ground-based ELTs.
Introduction
To date nearly 200 exoplanets have been discovered orbiting approximately 100 M dwarfs in the solar neighbourhood (e.g. Bonfils et al. 2013; Rowe et al. 2014; Trifonov et al. 2018; Ribas et al. 2018) . Some of these orbit near to or in the habitable zone (e.g. Udry et al. 2007; Anglada-Escudé et al. 2013 Dittmann et al. 2017; Reiners et al. 2018) . However, only eleven M dwarf planet systems have been detected with both the transit as well as the radial velocity method, which allows us to derive their density from their measured radius and mass, informing us about its bulk properties. An 12th system, TRAPPIST-1 (2MUCD 12171, Gillon et al. 2017) , is added when transit time variations are included for mass measurements.
Only six of the above mentioned eleven systems contain planets with masses below that of mini-Neptunes (10 M ⊕ ): LHS 1140 b and c (GJ 3053, Dittmann et al. 2017; Ment et al. 2019 ), K2-3 b and c (PM J11293-0127, Almenara et al. 2015; Sinukoff et al. 2016) , K2-18 b (PM J11302+0735, Cloutier et al. 2017; Sarkis et al. 2018 ), GJ 1214 (LHS 3275 b, Harpsøe et al. 2013 ), GJ 1132 Bonfils et al. 2018 ) and b-g planets of TRAPPIST-1 (Gillon et al. 2016 (Gillon et al. , 2017 . While some of these planets orbit in the habitable zone of M dwarfs, where water could be liquid on an Earth-like planet's surface (e.g. Kasting et al. 1993; Tarter et al. 2007; Kaltenegger 2017) , most orbit very dim M stars. Only three planets with masses similar to Earth orbit M dwarfs of moderate brightness (J = 9.2-9.8 mag) : GJ 1132 b (1.66 ± 0.23 M ⊕ ), LHS 1140 c (1.81 ± 0.39 M ⊕ ) and K2-18 b (2.1 +2.1 −1.3 M ⊕ ). Systems hosting small terrestial exoplanets orbiting bright stars are ideal not only from the perspective of precise mass measurements with groundbased instruments, but also for further atmospheric characterisation using current and future observatories (see, e.g., Batalha et al. 2018) .
The Transiting Exoplanet Survey Satellite (TESS, Ricker et al. 2015) mission is an observatory that was launched to find small planets transiting small, bright stars. Indeed, since the start of scientific operations in July 2018, TESS has already uncovered over 400 new planet candidates, and is quickly increasing the sample of known Earths and super-Earths around small Mtype stars (Vanderspek et al. 2019; Günther et al. 2019; Kostov et al. 2019) . In this paper, we present the discovery of a new system of two small planets around a bright M dwarf, one of which, namely Gl 357 b, is an Earth-sized transiting exoplanet discovered using photometry from the TESS mission. Gl 357 b is 2.1. Transit searches TESS objects of interest (TOIs) are announced regularly via the dedicated MIT TESS data alerts public website 1 . TOI-562.01 was announced on April 13, 2019 and its corresponding light curve produced by the Science Processing Operations Center (SPOC; Jenkins et al. 2016) at NASA Ames Research Center was uploaded to the Mikulski Archive for Space Telescopes (MAST) 2 on April 17, 2019. SPOC provided for this target simple aperture photometry (SAP) and systematics-corrected photometry, a procedure consisting of an adaptation of the Kepler Presearch Data Conditioning algorithm (PDC, Smith et al. 2012; Stumpe et al. 2012 Stumpe et al. , 2014 to TESS. The light curves generated by both methods are shown in Fig. 1 . We use the latter one (PDCcorrected SAP, Fig. 1 bottom panel) for the remainder of this work.
A signal with a period of 3.93 d and a transit depth of 1164 ± 66 ppm, corresponding to a planet radius of approximately 1.3 R ⊕ was detected in the TESS photometry. The Earthsized planet candidate passed all the tests from the Alerts Data Validation Report (DVR; Twicken et al. 2018; Li et al. 2019 ), e.g., even-odd transits comparison, eclipsing binary discrimination tests, ghost diagnostic tests to help rule out scattered light or background eclipsing binaries, among others; except for the difference image centroid offset test, likely due to the star being slightly saturated. However, the transit source is coincident with the core of the stellar point spread function (PSF), so the transit events happen on the target and not, e.g., on a nearby bright star.
We also perform an independent analysis of the TESS light curve in order to confirm the DVR analysis and search for addi-tional transit signals. An iterative approach is employed: in each iteration the same raw data are detrended and outliers-rejected, a signal is identified and then modeled, and that model is temporarily divided-out during the detrending of the next iteration to produce a succession of improving models -until the χ 2 converges. The raw photometry is detrended by fitting a truncated Fourier series, starting from the natural period of twice the data span, and all of its harmonics, down to some "protected" time span to make sure the filter does not modify the shape of the transit itself. We used a protected time span of 0.5 d, and this series was iteratively fitted with 4σ rejection. Finally, Optimal BLS (Ofir 2014 ) is used to identify the transit signal, which is then modeled using the Mandel & Agol (2002) model and the differential evolution MCMC algorithm (ter Braak & Vrugt 2008 ). The final model has χ 2 ν = 1.017 and the resultant transit parameters are consistent with the TESS DVR. We also checked for odd-even differences between the transits, additional transit signals, and parabolic TTVs (Ofir et al. 2018 ) -all with null results.
Limits on photometric contamination
Given the large TESS pixel size of 21 , it is essential to verify that no visually close-by targets are present that could affect the depth of the transit. There are two bright objects within one TESS pixel of Gl 357: (i) Gaia DR2 5664813824769090944 at 15.19 and G R P = 15.57 mag; and (ii) Gaia DR2 5664814202726212224 at 18.31 and G R P = 15.50 mag. However, they are much fainter than Gl 357 (TOI-562, Gaia DR2 5664814198431308288, G R P = 8.79 mag) and their angular separations actually increased between the epochs of observation of Gaia (J2015.5) and TESS (J2019.1-J2019.2).
These two sources are by far the brightest ones apart from our target in the digitisations of red photographic plates taken in 1984 and 1996 with the UK Schmidt telescope. The Gaia G rpband (630-1050 nm) and the TESS band (600-1000 nm) are very much alike, allowing us to estimate the dilution factor for TESS using Eq. 2 in Espinoza et al. (2018) to be D TESS = 0.996, which is consistent with 1.00. Therefore, there is no flux contamination and we fix D TESS = 1 for all of our model fits.
Ground-based observations

Seeing-limited photometric monitoring
We made a compilation of photometric series obtained by long-time baseline, automated surveys exactly as in Díez Alonso et al. (2019) . In particular we retrieved data from the following public surveys: All-Sky Automated Survey (ASAS; Pojmanski 2002), Northern Sky Variability Survey (NSVS Woźniak et al. 2004) , and All-Sky Automated Survey for Supernovae (ASAS-SN; Kochanek et al. 2017) . The telescope location, instrument configurations, and photometric bands of each public survey were summarised by Díez Alonso et al. (2019) . We did not find Gl 357 data in other public catalogues, such as The MEarth Project (Charbonneau et al. 2008) , the Catalina surveys (Drake et al. 2014) , or the Hungarian Automated Telescope Network (Bakos et al. 2004) .
WASP-South, the southern station of the Wide Angle Search for Planets (Pollacco et al. 2006) , is an array of eight cameras using 200-mm f/1. 8 over a span of typically 120 d each season, acquiring a total of 48 000 photometric observations. We searched the WASP data for rotational modulations, treating each season of data in a given camera as a separate dataset, using the methods presented in Maxted et al. (2011) . The results are tabulated in Table 1 . We find a significant 70d periodicity recurring in each dataset that has more than 2000 datapoints. Since this timescale is not much shorter than the coverage in each year, the period error in each dataset is ∼ 10 d. The amplitude of the modulation ranges from 2 to 9 mmag, and the false-alarm probability is less than 10 −4 .
High-resolution imaging
We observed Gl 357 with the FastCam instrument (Oscoz et al. 2008 ) mounted on the 1.5 m Telescopio Carlos Sánchez at the Teide Observatory on January 14, 2013. These observations were part of our high-resolution imaging campaign of M dwarfs to characterise stellar multiplicity and select the most appropriate targets for the CARMENES survey (Cortés- Contreras et al. 2017) . FastCam is a lucky imaging camera with a high readout speed, employing the sub-electron noise L3CCD Andor 512 × 512 detector, which provides a pixel size of 0.0425 and a field of view of 21.2 × 21.2 . We obtained ten blocks of thousand individual frames with 50 ms exposure time in the I band. Data were bias subtracted, aligned and combined using the brightest pixel as a reference as described in Labadie et al. (2010) and Jódar et al. (2013) . We selected the best 10 % of the frames to produce the final image and determine that there are no background contaminating sources with δ I < 3 mag down to 0.5 and with δ I < 6 mag down to 3.0 and up to 8.5 (given by the detector size). This discards many of the false positive con-A&A proofs: manuscript no. main taminants, such as the presence of diluted eclipsing binaries at close angular separations of Gl 357 (see Sect. 2.2) .
We also observed Gl 357 with the InfraRed Doppler (IRD, Kotani et al. 2018 ) instrument on the Subaru 8.2 m telescope on 18 April 2019. IRD is a fibre-fed instrument through a fibre injection module behind an adaptive optics system (AO188, Hayano et al. 2010) . A fibre injection module camera (FIMC), which monitors images around targets to enable fibre injection of stellar light and guiding, can take AO-corrected images of observing targets. The FIMC employs a CCD with pixel scale of 0.067 per pixel and observes in 970-1050 nm. Fig. 2 is the FIMC image of Gl 357. The image shows 200 × 200 pixel region around Gl 357, revealing no nearby point source. We note that Gl 357 is a high proper motion star with 0.139 per year in RA and -0.990 per year in Dec based on the Gaia DR2 data (Gaia Collaboration et al. 2018) . It means that the star was about 0.8 to the west and about 6 to the north at the time of the FastCam observation. The IRD FIMC image complements Fast-Cam non-detection of any nearby companion and excludes any background object at the original position of the FastCam observation.
Precise radial velocities
HIRES
The high-resolution spectrograph HIRES (Vogt et al. 1994) mounted on the 10-m Keck-I telescope has been extensively used to search for exoplanets around bright dwarf stars using the RV technique (e.g. Vogt et al. 2000; Cumming et al. 2008) . As part of this effort, Butler et al. (2017) published 64 480 observations collected with HIRES between 1996 and 2014 of a sample of 1 699 stars. These data have been recently reanalysed by Tal-Or et al. (2019) using a sample of RV-quiet stars (i.e. whose RV scatter is < 10 m s −1 ), who found small, but significant systematic effects in the RVs: a discontinuous jump caused by major modifications of the instrument in August 2004, a long-term drift, and a small intra-night drift. The corrected RVs were made publicly available and we use a total of 36 measurements for Gl 357 taken between 26 January 1998 and 20 February 2013. The radial velocities show a median internal uncertainty of 2.4 m s −1 and a rms of 4.0 m s −1 around the mean value.
UVES
We retrieve 70 public RV measurements of Gl 357 taken between 15 November 2000 and 25 March 2007 as part of the M dwarf planet search for terrestrial planets in the habitable zone with UVES at the ESO VLT ). Radial velocities were obtained with the AUSTRAL code (Endl et al. 2000) and combined into nightly averages following Kürster et al. (2003) . The 30 nightly binned radial velocities show a median internal uncertainty of 2.5 m s −1 and a rms of 5.3 m s −1 around the mean value.
HARPS
HARPS (Mayor et al. 2003) is an ultra-precise Échelle spectrograph in the optical regime installed at the ESO 3.6 m telescope at La Silla Observatory in Chile with a sub-m s −1 precision able to detect Earth-like planets. We retrieve 53 high-resolution spectra from the ESO public archive collected between 13 December 2003 and 13 February 2013. We extract the full width at half maximum (FWHM) and bisector span (BIS) of the cross-correlation function from the FITS headers as computed by the DRS ESO HARPS pipeline (Lovis & Pepe 2007) , but to obtain the radial velocities we use SERVAL , based on least-squares fitting, which cross-correlates with a high signal-to-noise template created by co-adding all available spectra of the star. The radial velocities have a median internal uncertainty of 1 m s −1 and a rms of 3.3 m s −1 around the mean value.
CARMENES
Gl 357 (Karmn J09360-216) is one of the 342 stars monitored in the CARMENES Guaranteed Time Observation program to search for exoplanets around M dwarfs, which began in January 2016 . The CARMENES instrument is mounted at the 3.5 m telescope at the Calar Alto Observatory in Spain and has two channels: the visual (VIS) covers the spectral range 0.52-0.96 µm and the near-infrared (NIR) covers the 0.96-1.71 µm range (Quirrenbach et al. 2014 (Quirrenbach et al. , 2018 . Gl 357 was observed 10 times between 13 December 2016 and 16 March 2019, and the VIS radial velocities -extracted with SERVAL and corrected for barycentric motion, secular acceleration, instrumental drift, and nightly zero-points (see Trifonov et al. 2018; Luque et al. 2018 , for details) -show a median internal uncertainty of 1.3 m s −1 and a rms of 2.8 m s −1 around the mean value.
The precise Doppler time series and their formal uncertainties of all data sets are listed in Table C .1.
Stellar properties
Stellar parameters
The star Gl 357 (L 678-39, Karmn J09360-216, TIC 413248763) is a high proper motion star in the Hydra constellation classified as M2.5 V by Hawley et al. (1996) . Located at a distance of d ≈ 9.4 pc (Gaia Collaboration et al. 2018), it is one of the brightest single M dwarfs in the sky with an apparent magnitude in the J band of 7.337 mag (Skrutskie et al. 2006) and no evidence for multiplicity, either at short or wide separations (Cortés-Contreras et al. 2017) . The most accurate stellar parameters of Gl 357 were presented in Schweitzer et al. (2019) , who determined radii, masses, and updated photospheric parameters for 293 bright M dwarfs from the CARMENES survey using various methods. In summary, Schweitzer et al. (2019) derived the radii from Stefan-Boltzmann's law, effective temperatures from a spectral analysis using the latest grid of PHOENIX-ACES models, luminosities from integrating broadband photometry together with Gaia DR2 parallaxes, and masses from an updated mass-radius relation derived from eclipsing binaries. The details of the calculation of the photospheric and physical parameters are described in Passegger et al. (2018) and Schweitzer et al. (2019) , respectively.
According to this analysis, Gl 357 has an effective temperature of 3505 ± 51 K and a mass of 0.342 ± 0.011 M . Besides, with the Gaia DR2 equatorial coordinates, proper motions, and parallaxes, and radial velocity from Soubiran et al. (2018) , we compute galactocentric space velocities UVW as in Montes et al. (2001) and Cortés Contreras (2016) that kinematically put Gl 357 in the thin disc of the Galaxy. A summary of all stellar properties can be found in Table 2 .
Rotation period
Using CARMENES data, Reiners et al. (2018) This slow rotational velocity is consistent with its low level of magnetic activity. An analysis of the Hα activity in the CARMENES spectra shows that it is an inactive star and that the rotational variations in Hα and other spectral indicators are consistent with other inactive stars (Schöfer et al. 2019) . In addition, this is in agreement with the lower limit set by Stelzer et al. (2013) in its X-ray flux (log F X < −13.09 mW m −2 ) and the fact that Moutou et al. (2017) were not able to measure its magnetic field strength based on optical high-resolution spectra obtained with ESPaDOnS at the Canada-France-Hawai'i Telescope. Gl 357 has a log R HK value of -5.37, and is one of the least active stars in the Boro Saikia et al. (2018) catalogue of chromospheric activity of nearly 4500 stars, consistent with our kinematic analysis.
From spectroscopic determinations, the small value of log R HK indicates a long rotation period of between 70 and 120 d (Suárez Mascareño et al. 2015; Astudillo-Defru et al. 2017; Boro Saikia et al. 2018) . In order to estimate an empirical rotation period of the star, we fitted the photometric datasets described in Sect. 3.1 (i.e., the ASAS, NSVS, ASAS-SN -with observations both in g and V bands -and WASP datasets), with a quasi-periodic (QP) Gaussian Process (GP) -in particular, we use the GP kernel introduced in Foreman-Mackey et al. (2017 of the form
and C define the amplitude of the GP, L a time-scale for the amplitude-modulation of the GP and P rot is the rotational period of the QP modulations. For the fit, we consider that each of the five datasets can have different values of B and C in order to account for the possibility that different bands could have different GP amplitudes, while the time-scale of the modulation as well as the rotational period was left as a common parameter between the datasets. In addition, we fitted for a flux offset between the photometric datasets, as well as for extra jitter terms added in quadrature to the diagonal of the resulting covariance matrix implied by this QP GP. We considered wide priors for B, C (log-uniform between 10 −5 ppm and 10 5 ppm), L (log-uniform between 10 −5 and 10 5 d), rotation period (uniform between 0 and 100 d), flux offsets (gaussian centred on 0 and standard deviation of 10 5 ppm), and jitters (log-uniform between 1 and 10 5 ppm). The fit was performed using juliet , see next section for a full description of the algorithm) -a close-up to the resulting fit is presented in Fig. 3 for illustration on how large the QP variations are in the WASP photometry, where the flux variability can be readily seen by eye. The resulting rotational period from this analysis is of P rot = 77.8 +2.1 −2.0 d, consistent with the expectation from the small value of log R HK . In addition, we did not find any significant correlation between the HARPS CCF FWHM or BIS with the RVs.
Analysis and results
Period analysis of the Doppler data
We perform a signal search in the RV data using generalised Lomb-Scargle (GLS) periodograms ). Figure 4 presents a series of GLS periodograms of the residual RVs after subtracting an increasing number of periodic signals. For each panel, we compute the theoretical false alarm probability (FAP) as described in , and show the 10%, 1%, and 0.1% levels. After subtracting a model that fits only the instrumental offsets (µ instr ) and jitters (σ instr ) ( Fig. 4a ), we find that the periodogram is dominated by a Article number, page 5 of 25 periodic signal at P ∼ 88 d and its aliases around periods of one day due to the sampling of the data. As discussed in Sect. 4.2, the 88 d signal is consistent with the modulation seen in ground-based photometry around 77 d associated to the rotation period of the star. We attempt to remove the contribution of the stellar rotation from the Doppler data by simultaneously fitting a sinusoidal model with the rotational period together with the individual RV instrumental offsets and jitters (Fig. 4b) . A GLS periodogram of the residuals from this simplified model shows many signals with FAP < 10%. One of those signals is at 3.93 d, corresponding to the transiting planet detected in the TESS data. In this case, however, we want to know what is the probability that noise can produce a peak higher than what is seen exactly at the known frequency of the transiting planet, the spectral FAP. Scargle (1982) showed that in this case if a peak has a power, z, then the spectral FAP = e −z . A Scargle periodogram yields z = 6.79, which corresponds to spectral FAP = 0.0011. This is confirmed using a bootstrap randomisation method over a narrow frequency range centred on the planet orbital frequency. The latter analysis yields spectral FAP = 0.0016 which is consistent with the Scargle formalism. We thus estimate a significant FAP ∼ 0.2% for the 3.93 d signal.
The residuals after the modelling of the 88 d and 3.93 d signals support the periodicity of P = 9.1 d with a FAP < 0.1% (Fig. 4c ). This signal is persistent throughout the complete anal-ysis and therefore cannot be explained by any of the other two known sources. Including this periodicity to the model as an extra sinusoid (Fig. 4d ), the GLS of the residuals reveals a relevant periodicity at 50 and 55 d. When including a fourth sinusoid in the analysis at 55 d different peaks with FAP < 0.1% populate the 1 d region. We discuss in depth the nature of these four signals detected in the GLS in the next Section, using more sophisticated models to fit the numerous periodicities in the RV dataset.
Modelling results
We used the recently published algorithm juliet to model jointly the photometric and Doppler data. The algorithm is built on many publicly available tools for the modelling of transits (batman, Kreidberg 2015), radial velocities (radvel, Fulton et al. 2018) , and GP (george, Ambikasaran et al. 2015; celerite, Foreman-Mackey et al. 2017) . In order to compare different models, juliet efficiently computes the Bayesian model log-evidences (ln Z) using either MultiNest (Feroz et al. 2009 ) via the PyMultiNest package (Buchner et al. 2014) or the dynesty package (Speagle 2019) . Nested sampling algorithms sample directly from the given priors instead of starting off with an initial parameter vector around a likelihood maximum found via optimisation techniques, as done in common sampling methods. The trade-off between its versatility and completeness in the parameter space search is the computation time. For this reason, our prior choices have been selected to be the ideal balance between being informed, yet wide enough to fully acquire the posterior distribution map. We consider a model to be moderately favoured over another if the difference in their Bayesian log-evidences is greater than 2, and strongly favoured if is greater than 5 (Trotta 2008) . If ∆ ln Z 2, then the models are indistinguishable so the simpler model with less degrees of freedom would be chosen.
Photometry only
In order to constrain the orbital period and time of transit centre, we perform an analysis with juliet using only the TESS photometry. We choose the priors in the orbital parameters from the TESS DVR and our independent Optimal BLS analysis. We adopt a few parametrisation modifications when dealing with the transit photometry. Namely, we assign a quadratic limb-darkening law for TESS, as shown to be appropriate for space-based missions (Espinoza & Jordán 2015) ; which then is parametrized with the uniform sampling scheme (q 1 , q 2 ), introduced by Kipping (2013) . Additionally, rather than fitting directly for the planet-to-star radius ratio (p = R p /R * ) and the impact parameter of the orbit (b), we instead use the parametrization introduced in Espinoza (2018) and fit for the parameters r 1 and r 2 to guarantee full exploration of physically plausible values in the (p, b) plane. Lastly, we apply the classical parametrization of (e, ω) into (S 1 , S 2 ), always ensuring that e = S 2 1 +S 2 2 ≤ 1. We fix the TESS dilution factor to 1 based in our analysis from Sects. 2.2 and 3.2, but account for any residual time-correlated noise in the light curve with an exponential GP kernel of the form k i, j = σ 2 GP,TESS exp −|t i − t j |/T GP,TESS , where T GP,TESS is a characteristic time-scale and σ GP,TESS is the amplitude of this GP modulation. Furthermore, we add in quadrature a jitter term σ TESS to the TESS photometric uncertainties which might be underestimated due to additional systematics in the space-based photometry. The details on the priors and the description for each parameter are presented in Table A .1 of the Appendix.
The results from the photometry-only analysis with juliet are completely consistent with those provided by the TESS DVR and our independent transit search, but with improved precision in the transit parameters after accounting for extra systematics with the jitter term and the GP. We also searched for an additional transiting planet in the system by modelling a two planet fit where we use the same priors in Table A .1 for the first planet, and then allow the period and time of transit centre to vary for the second. The transiting model for the hypothetical second planet is totally flat and we find no strong evidence (∆ ln Z = ln Z 1pl − ln Z 2pl = 5.16) for any additional transiting planets in the light curve, in agreement with our findings in Sect. 2.1.
RV only
In Sect. 5.1 we show that several signals are present in the RV data with different origins. We experimented with several models using juliet on the RV dataset independently to understand the nature of those signals and their significance when doing a simultaneous multi-planetary fit. First, we explore every combination of systems up to four planets using wide uninformative priors covering the interesting periodicities from Sect. 5.1 at 3.93 d, 9.12 d, 55 d, and 88 d. All our runs fit an instrumental jitter term for each RV dataset and the eccentricity is fixed to zero. From our previous analysis in Sect. 4.2 we assigned the RV periodicity at 88 d to the rotational period of the star. To model a non-planetary signal with juliet, we tried two different approaches: a simple sinusoid model and an exponentialsine-squared GP kernel 3 . Our results from those trials reveal that the 88 d modulation does not differ significantly from a purely periodic signal. However, when modelling this signal with a simple sinusoid we find a multimodal posterior distribution of the period with peaks at 82.6 d, 87.3, 89.4 d, and 97.8 d pointing towards a behaviour characteristic from a stellar-induced variability and not from a planetary companion. Sometimes the presence of two closely spaced periods is an indication of amplitude variations that can be mimicked by beat phenomena of the two periods. It is reasonable to expect amplitude variations if the origin of the RV modulation is stellar. The best model we determined to account for this signal is an exponential-sine-squared GP kernel with a wide uniform prior in the rotational period ranging from 30 to 100 d in order to pick up any of these spurious signals.
The GP that we are imposing is quasi-periodic, composed of the exponential-squared term and the sine-squared term. When a variable periodicity is present, the latter term will dominate and drive the α GP to small values, and vice versa. The correlation plot in Fig. 5 shows very low α GP values for P rot;GP,RV ∼ 55 d and 80 < P rot;GP,RV < 90 d, indicating that the signal is intrinsically multimodal and the periods of 55 d and 87 d seen in the GLS search of Sect. 5.1 are related to each other.
The nature of the RV periodicity at 3.93 d cannot be explained other than with the transiting planet detected in the TESS photometry. Although its significance is too low to be claimed as a detection from RVs alone, the FAP threshold to find an a priori known periodicity is much lower than the one from a blind search (see Sect. 5.1). Taking this into account, we modelled it with a Keplerian circular orbit in our juliet analysis. On the other hand, the nature of the RV periodicity at 9.12 d is interesting. Its significance is FAP < 1% in the RV dataset only corrected from jitter and instrumental offsets (Fig. 4a ), but exceeds the FAP = 0.1% level when subtracting the signals due to the rotation period of the star and the transiting planet ( Fig. 4c ). There is no counterpart of this signal in the HARPS activity indicators nor in the ground-based photometry analyses presented in Sect. 4.2.
From the several runs with juliet on the RV dataset only, we discuss here two sets of models. The log-evidence and the details on the priors for each model 4 are shown in Table 3 . From the first set of models (1pl, 2pl, 3pl, 4pl) we confirm that the origin of the RV periodicities at 55 and 88 d is not planetary. The posterior distribution of the 88 d period using a circular orbit is multimodal in each model and the center of the distribution shifts in every one of them. It is interesting to notice that for 4pl model, there is a moderate correlation (Pearson coefficient r = −0.36) between the semi-amplitudes of signals d and e; that is, when K d ∼ 0 then K e is at a maximum and vice versawhere one should expect zero correlation (r ∼ 0) as we see for the other planets. This alone is an independent argument for the connection of both signals and an extra argument in favour to model them using GPs and not simple sinusoids.
The second set of models (0pl+GP, 1pl+GP, 2pl+GP) treats the activity-induced RV modulation with an exponential-sinesquared GP kernel. The log-evidence of the GP models are significantly bigger than their related non-GP case (ln Z 0pl+GP − ln Z 1pl = 3.73; ln Z 1pl+GP − ln Z 2pl = 3.31; ln Z 2pl+GP − ln Z 3pl = 5.45). Interestingly, models 4pl and 2pl+GP do not differ significantly in their log-evidences, but while 4pl still shows significant signals in the GLS periodogram of the residuals (see Fig. 4e ), the model 2pl+GP shows no significant peaks in the GLS periodogram of the residuals. Moreover, a two-planet system including the 9.1 d signal is strongly favoured over a single transiting planet one (ln Z 3pl − ln Z 2pl > 5; ln Z 2pl+GP − ln Z 1pl+GP > 5), independently of the modelling chosen for the activity modulation. Together with the evidence collected above, we suspect that Notes. (a) Errorbars denote the 68% posterior credibility intervals. (b) Note that the distribution is multi-modal and depends on the value of α GP,RV -see Fig. 5 for the full distribution. the 9.1 d variability seen in the RV dataset is indeed caused by a further non-transiting planetary companion in the system.
Joint fit
To obtain the most precise parameters of the Gl 357 system, we perform a joint analysis of the TESS photometry and Doppler data using juliet of the preferred model 2pl+GP from our RVonly analysis in Sect. 5.2.2. In this way, we simultaneously constrain all the parameters for the transiting planet Gl 357 b, the possible non-transiting planetary companion at 9.12 d, and the stellar modulation seen in the RV data with a wide uniform prior in P rot;GP,RV from 30 to 100 d. To optimise the computational time, we narrow down our priors based on the analyses from the Sections above, but we keep them wide enough to fully sample the posterior distribution of the quantities of interest. Our choice of the priors for each parameter in the joint analysis of the 2pl+GP model can be found in Table A .1.
The posterior distribution of the parameters of our best-fit joint model are presented in Table 4 . We also ran an eccentric version of the joint 2pl+GP model, but the circular fit model was strongly favoured (∆ ln Z > 10) and thus we only show the circular results in Table 4 . The corresponding modelling of the data based on these posteriors is shown in Fig. 6 and the derived physical parameters of the system are presented in Table 5 . A close-up view of the best-fit transit model of Gl 357 b is presented in Fig. 7 and the RV timeseries is shown for completness in the Appendix (Figs. B.1, B.2, and B.3) . GP,RV ) is of the order of several days, probably related with the sampling of the different RV datasets. These results reveal that even though Gl 357 is one of the most inactive M2.5 V stars known, a careful modelling of the stellar activity when using RV data is still one of the crucial steps to retrieve the maximum number of planetary signals.
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Discussion
Searching for transits of Gl 357 c
Although in Sects. 2.1 and 5.2.1 we looked for additional transit features in the TESS light curve, but could not find any, we performed a last run with juliet to rule out the possibility that Gl 357 c transits. To do so, we took the period and time of transit centre from Table 4 as priors and add r 1,c and r 2,c as free parameters assuming an eccentricity equal to zero. In agreement with previous analyses, the log-evidence shows that the non-transiting model for Gl 357 c is slightly preferred (∆ ln Z ∼ 2). Therefore, we can conclude that Gl 357 c, although firmly detected in the RV dataset, does not transit. Like in other planetary systems recently revealed by TESS (Espinoza et al. 2019) or Kepler/K2 (Quinn et al. 2015; Buchhave et al. 2016; Otor et al. 2016; Christiansen et al. 2017; Gandolfi et al. 2017; Cloutier et al. 2017) , non-transiting planets in these transit-detected systems expand our understanding of the system architecture. In those works, after the modelling of the transiting planet detected in the space-based photometry, further signals appear in the RV data which would not have been significant otherwise. This emphasises the importance of long, systematic, and precise groundbased searches for planets around bright stars and the relevance of archival public data.
System architecture
We determine that the transiting planet Gl 357 b has a mass of M b = 1.63 +0.29 −0.30 M ⊕ and a radius of R b = 1.166 ± 0.065 R ⊕ , which corresponds to a bulk density of ρ b = 6.0 +1.5 −1.2 g cm −3 . Figure 8 Fe Earth-like density Fig. 8 . Mass-radius diagram for all known transiting planets with masses between 0.5-6 M ⊕ and radii 0.5-2 R ⊕ determined with a precision better than 30%. Gl 357 b is shown with a red square and Gl 357 c with a red band. Planets orbiting around late-type stars (T eff < 4000 K) are shown in orange, otherwise grey. The size of the orange datapoints is inversely proportional to the magnitude of their host star in the Jband. Data are taken from the TEPCat database of well-characterised planets (Southworth 2011) . Theoretical models for the planet's internal composition are taken from Zeng et al. (2016) .
shows masses and radii of all confirmed planets whose precision in both parameters is better than 30%. Gl 357 b joins the very small group of Earth-sized and Earth-mass planets orbiting M dwarfs discussed in the introduction. From Zeng et al. (2016) models we obtain a bulk composition consistent with the one of the Earth, i.e. 30% Fe and 70% MgSiO 3 . Although we cannot measure its radius, Gl 357 c falls in a quite unpopulated region of the mass-radius diagram of Fig. 8 . We derive a minimum mass for Gl 357 c of M c sin i c = 3.59 +0.50 −0.43 M ⊕ , which falls in between the vaguely defined mass range for Earth-and super-Earth like planets. However, since we determine only a lower limit for M c it is possible that this planet falls into the super-Earth classical definition joining the group of planets that make up the lower radius bump in the bimodal distribution of small planets found with Kepler (Fulton et al. 2017; Van Eylen et al. 2018) .
We like to note that the planetary system of Gl 357 is quite similar to that of GJ 1132 Bonfils et al. 2018) . In both cases we find a surprisingly similar bulk density of the inner planet of ∼ 6 g cm −3 (see orange datapoint right below Gl 357 b in Fig. 8 ). Moreover, both systems have a second non-transiting planet with an orbital period around 9 d orbital and indications for one or more outer, more massive planets.
Dynamics and TTV analysis
While a detailed characterisation of the dynamical properties of the potential planetary system is beyond the scope of this paper, we nevertheless started to investigate its properties using Systemic (Meschiari et al. 2009 ). Given the fact that TESS could only cover five transits, the detection of transit timing variations (TTV) would only be possible in a system with more massive planets or in a first order resonance like e.g. in Kepler-87 . The system is, however, close to a 7:3 period commensurability but not trapped in a mean motion resonance. This reduces the dynamical interaction significantly. However, depending on the initial eccentricities, the system undergoes significant exchange of angular momentum, but on very long time scales of ∼500 yr, i.e. clearly too long to be detectable in the currently available RV measurements.
Since we cannot detect a transit for planet c, its orbit must be inclined with respect to planet b. For initially low eccentric configurations, the inclination probably cannot be confined from dynamics, because preliminary tests show that the system is stable even for a low inclination for planet c of i c = 10 deg. At large mutual inclinations (30 deg), the mutual torque is significant and planet b would drift slowly out of a transiting configuration. This effect, however, reduces significantly with a lower mutual inclination. A possible dynamical constraint could therefore come from transit duration or depth variations (TDV) due to changes in orbital inclination.
We carried out a more in-depth search for TTVs using Py-Transit (Parviainen 2015) . The approach models the near vicinity of each transit (4.8 h around the expected transit centre based on the linear ephemeris) as a product of a transit model and a flux baseline made of n L Legendre polynomials. The transits are modelled jointly, and parametrised by the stellar density, impact parameter, planet-star area ratio, two quadratic limb darkening coefficients, an independent transit centre for each transit, and n L Legendre polynomial coefficients for each transit (modelling the baseline as a sum of polynomials rather than, e.g., a Gaussian process, is still feasible given the small number of transits). The analysis results with an estimate of the model posterior distribution, where the independent parameter estimates are based on their marginal posterior distributions.
The uncertainty in the transit centre estimates -calculated as 0.5 × (t 84 − t 16 ), where t 16 and t 84 are the 16th and 84th transit centre posterior percentiles -varies from 1.5 to 4 min, and no significant deviations from the linear ephemeris can be detected, in agreement with our previous estimate.
Formation history
The predominant formation channel to build terrestrial planets is the core accretion scenario, where a solid core is formed before the accretion of an atmosphere sets in (Mordasini et al. 2012 ). This scenario implicates several stages: first, dust grows into larger particles that experience vertical settling and radial drift, commonly referred to as "pebbles" (Birnstiel et al. 2012) . They can undergo gravitational collapse into ∼100 km sized planetesimals wherever a local concentration exceeds a level set by the disk turbulence (Johansen et al. 2007; Lenz et al. 2019 ). These planetesimals can form planetary embryos of roughly Moon size via mutual collisions (Levison et al. 2015) , at which point an accretion of further planetesimals and, even more importantly, of drifting pebbles can lead to further growth (Ormel & Klahr 2010) . Pebble accretion is thus very powerful in quickly forming the cores of gas giants (Klahr & Bodenheimer 2006; Lambrechts et al. 2014 ), but usually fails to produce terrestrial planets akin to the inner Solar System due to its high efficiency. To explain the low final mass of such planets, a mechanism that stops further accretion of solids is needed.
One way to inhibit pebble accretion is to cut the supply of solid material by another planet that forms further out earlier than or concurrently with the inner planets. Such a companion would act as a sink for the influx of material that would otherwise be available to build inner planets. This is achieved when the outer planet reaches a critical mass where the fraction of the pebble flux accreted by the planet
approaches unity . With q = 3 × 10 −5 and PA ≈ 0.2, Gl 357 c could have efficiently absorbed pebbles that would otherwise have reached Gl 357 b. In this scenario, Gl 357 c should have been formed before Gl 357 b and one would expect one or several additional planets of at least the mass of Gl 357 c further out. Such a hypothetical Gl 357 d again should have reached high pebble accretion efficiencies before its inner siblings. This is quite feasible, since the conditions for fast embryo formation are very favourable just outside the iceline of the protoplanetary disk, where the recondensation of vapour leads to a large abundance of planetesimals (Stevenson & Lunine 1988; Cuzzi & Zahnle 2004; Ciesla & Cuzzi 2006; . However, the timing of this event is crucial in order to stop the supply of solid material at the right time. The window is only open for ∼ 10 5 yr, which corresponds to the timescale for growing from a roughly Earth-sized planet to a super-Earth (e.g., Bitsch et al. 2019) .
A scenario with less stringent assumptions is one where an inner planet grows to its own pebble isolation mass, which can be approximated as
with the local disk aspect ratio h . Reaching M iso , the planet locally modifies the radial gas pressure gradient such that the inward drift of pebble-sized particles stops, starving itself and the inner system from solid material. Assuming the current orbit of Gl 357 b and an M iso equal to the planetary mass inferred in our study, Eq. 2 yields a local disk aspect ratio of 0.025, which is a reasonable value in the inner disk. Similarly, the minimum mass of Gl 357 c gives h ≈ 0.031, which is again consistent with estimated disk scale heights in the literature (e.g., Chiang & Goldreich 1997; Ormel et al. 2017) . Given the strong assumptions needed to explain the emergence of both planets by a cut-off of pebble flux in the system, the second scenario is favoured. If pebble accretion was the dominating mechanism to form planetary embryos in the system, Gl 357 b and Gl 357 c stopped growing when they reached their respective pebble isolation masses. Yet, a hypothetical future discovery of a massive planet further out might shift the balance again towards shielding by this outer planet.
Atmospheric characterization and habitability
The empirical HZ is based on observations in our own Solar System (see Kasting et al. 1993) . The inner edge of this empirical HZ, the so called Recent Venus limit, is based on the observation that Venus may have had liquid water on its surface until about 1 billion years ago, consistent with atmospheric D/H ratio measurements suggesting a high initial water endowment (Donahue & Pollack 1983) . At that time the Sun was ∼ 8% less bright than today, yielding a solar flux equivalent equal to 1.76 present-day Solar irradiance at Earth's orbit (S ⊕ ).
A star's radiation shifts to longer wavelengths with cooler surface temperatures, which makes the light of a cooler star more efficient in heating an Earth-like planet with a mostly N 2 -H 2 O-CO 2 atmosphere. This is partly due to the effectiveness of Rayleigh scattering, which decreases at longer wavelengths. A second effect is the increase in near-IR absorption by H 2 O and CO 2 as the star's spectral peak shifts to these wavelengths. That Article number, page 11 of 25 A&A proofs: manuscript no. main means that the same integrated stellar flux that hits the top of a planet's atmosphere from a cool red star warms a planet more efficiently than the same integrated flux from a hot blue star. Gl 357 b and Gl 357 c receive about 13 times and 2 times Earth's irradiation (S ⊕ ), respectively. Venus in comparison receives about 1.7 S ⊕ . Both planets should have undergone a runaway greenhouse stage as proposed for Venus' evolution. Due to its incident flux level, Gl 357 c is located slightly closer to the star than the inner edge of the empirical habitable zone as defined in Kasting et al. (1993) ; Kopparapu et al. (2014) and thus should share similarities with Venus, making it a very interesting target for further observations. Atmospheric characterisation of exoplanets is difficult because of the high contrast ratio between a planet and its host star. While atmospheres of Earth and super-Earth planets are still outside our technical capabilities, upcoming space missions such as the JWST and the extremely large ground-based telescopes (ELTs) will open this possibility for a selected group of rocky planets offering the most favourable conditions. Gl 357 is one of the brightest M dwarf in the sky, and as such, planets orbiting it are interesting targets for follow-up characterisation. To illustrate this fact, in Fig. 9 we plot the SNR reachable in a single transit with a ground-based 10 m telescope for all known planets with mass measurements and with radius between 0.5 and 3 R ⊕ . The most favourable planets for atmospheric characterisation offer a combination of a large scale height (puffiness of the atmospheres) and host star brightness, and are labelled in the figure together with Gl 357 b. Kempton et al. (2018) proposed a metric to select TESS (and other missions) planet candidates according to their suitability for atmospheric characterisation studies. Using the mass and radius determined in this work (1.63 M ⊕ , 1.166 R ⊕ ) we obtained a metric value of 23.0 for Gl 357 b. It is worth noting that out of the simulated yield of TESS terrestrial planets with R < 2 R ⊕ used in Kempton et al. (2018) , in turn based on Sullivan et al. (2015) and assuming an Earth-like composition, only one had a larger metric value (28.2). For comparison, two of the most well-know planets around bright M-type stars with favourable metrics, LHS 1140 b and TRAPPIST-1 f, have metric values of 9.13 and 13.7, respectively.
In order to assess an estimation of Gl 357 b's atmospheric signal through transmission spectroscopy, we simulate a simplified atmosphere photochemistry model for a rocky planet basing it on Earth's temperature structure, increasing the surface temperature to be consistent with T eff = 531 K using ChemKM (Molaverdikhani in prep.) . Note that the temperature/pressure structures of Gl 357 b's atmospheric are not modelled self consistently, as this only shows sample spectra. Geometric mean spectra of GJ 667 C (T eff = 3327 K) and GJ 832 (T eff = 3816 K) was considered as an estimation of Gl 357's flux in the range of X-ray to optical wavelengths. The data were obtained from the MUSCLES database (France et al. 2016) . We model three different metallicities, 1×, 10×, and 100× solar metallicity to explore a wider range of possibilities (Wakeford et al. 2017) . To set up the models, we use Venot et al. (2012) 's full kinetic network and an updated version of Hébrard et al. (2012) 's UV absorption crosssections and branching yields.
Synthetic sample transmission spectra for Gl 357 b are calculated using petitRADTRANS , shown in Fig. 10 . Such spectral are expected to be above JWST's noise floor; 20 ppm, 30 ppm, and 50 ppm, for NIRISS SOSS, NIRCam grism, and MIRI LRS, respectively (Greene et al. 2016) . The major opacity sources in the atmospheres are mostly water and methane, and as expected methane and CO 2 contribute more significantly at higher temperatures and metallicities in this class of planets (Molaverdikhani et al. 2019) . We must emphasise that these synthetic spectra are calculated under the assumption of cloud-free atmospheres. If clouds were present, the spectral features can be obscured or completely muted; resulting in a flattened transmission spectrum (Kreidberg et al. 2014 ). In addition, these spectra do not account for a runaway greenhouse stage and the consequent water loss (like for Venus) that both planets would have evolved through due to the high stellar irradiation. Ground-based high resolution spectroscopy, can potentially access strong absorption lines, such as CO 2 and CH 4 .
On a final note on the atmospheric characterisation of Gl 357 b, the star is too bright in some JWST's modes, which demands a careful observational planning. Such bright object, however, are excellent for ground-based facilities. Louie et al. (2018) pointed out that only a few TESS planets are expected to be as good or better targets for atmospheric characterisation than the currently known planets. Gl 357 b is one of them and, although it is not in the habitable zone, in fact it could be so far the best terrestrial planet for atmospheric characterisation with the upcoming JWST and the ground-based ELTs.
Conclusions
We report the discovery and confirmation of a planetary system around the bright M dwarf Gl 357. Data from the TESS mission revealed the first clue of this discovery by detecting the transit signals of Gl 357 b through the TESS Alerts website. The availability of archival high-precision radial velocity data made possible the quick confirmation of Gl 357 b, and a search for further planet candidates in the system.
Gl 357 b is a hot Earth-sized transiting planet with a mass of 1.63 ± 0.030 M ⊕ in a 3.93 d orbit. The brightness of the planet's host star makes Gl 357 b one of the prime targets for future atmospheric characterisation, and arguably one of the best future opportunities to characterise a terrestrial planet atmosphere with JWST and the ELTs. Gl 357 b is the nearest transiting planet to the Sun around an M dwarf and contributes to the TESS Level One Science Requirement of delivering 50 transiting small planets (with radii smaller than 4 R ⊕ ) with measured masses to the community.
Finally, there is tantalizing evidence for at least one more non-transiting planet with a minimum mass of 3.59 ± 0.05 M ⊕ in a 9.12 d orbit. With such physical properties, Gl 357 c becomes similar to Venus in terms of stellar irradiation albeit with a larger mass. Thus, Gl 357 adds to the growing list of TESS discoveries deserving more in-depth studies, as these systems can provide relevant information for our understanding of planet formation and evolution. 5.2.3 . The prior labels of N, U, and J represent normal, uniform, and Jeffrey's distributions. The parametrisation for (p, b) using (r 1 , r 2 ) (Espinoza 2018) and the linear (q 1 ) and quadratic (q 1 , q 2 ) limbdarkening parametrisation (Kipping 2013) 
